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Electrical Conduction in Native Deoxyribonucleic Acid: Hole Hopping Transfer Mechanism?
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Measurements of the quasistatic and frequency dependent electric conductivity below 1 MHz were
carried out on wet-spun, macroscopically oriented, calf thymus DNA bulk samples, thus effectively
extending previous radio frequency data down to quasistatic time scales. The frequency dependence of
the electrical conductivity in the frequency range of approximately 10�3–1015 Hz agrees well with
predictions of the hopping hole mechanism. Temperature dependence of the quasistatic electrical
conductivity can be rather well described by the activated Arrhenius law with the activation energy
of �0:9 eV; however, based on the quality of the fits, the hopping ansatz cannot be ruled out.
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ductivity experiments on native DNA [17] show that the quency range down to quasistatic experimental time
The conductive properties of DNA have recently at-
tracted substantial interest from both the theoretical as
well as the experimental sides [1–4]. Understanding the
charge transfer mechanism along a DNA double helix is
important in the long-range chemistry of oxidative DNA
damage and repair processes, monitoring protein-DNA
interactions, and for possible applications in nanoelec-
tronic circuit technology [2,5,6]. However, despite inten-
sive investigations, the nature of the charge transfer
mechanism remains a subject of controversy. Various
measurements suggest both short- and long-range charge
migration [1,2,7,8] with some indication that the DNA
duplex can behave similar to a one-dimensional molecu-
lar wire [9].

The situation regarding charge transfer mechanisms
in DNA became even more confused in view of recent
reports on metallic [10], semiconducting [11,12], insu-
lating [13,14], and possibly, at low temperatures, even
proximity-induced superconducting [15] behavior of
electric conductivity. The dc current-voltage (I-V) curves
point to a remarkably nonlinear conduction mechanism,
apart from classical linear dependence described by
Ohm’s law. I-V curves obtained on double stranded
�-DNA show existence of the temperature dependent
semiconductive voltage gap [10,12]. It was also shown
that, by substituting the imino proton of each base pair
with a metal ion, the voltage gap disappears and metallic-
like conduction was observed on Zn-DNA [10].

Earlier experiments performed on �-DNA in the mi-
crowave frequency range show large temperature depen-
dent resistivity associated with the DNA duplex and gave
evidence for a thermally driven transport process [16].
These experiments together with very recent optical con-
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conductivity in the microwave and optical frequency
range is of the order of 1 
�1 m�1 at room temperature.
Below room temperature, the microwave conductivity is
strongly temperature dependent according to the tem-
perature activated ansatz

� � �0e��U=kT�; (1)

exhibiting a crossover to weakly temperature dependent
conductivity at low temperatures [16]. In contrast, it was
also shown that temperature dependence of the optical
conductivity could be governed by the ansatz

� � �0e
��T0=T�� ; (2)

thus indicating that the variable range hopping could just
as well be the dominant conduction mechanism [17].
Nevertheless, various other relaxational and resonant
mechanisms such as vibrational and rotational modes
could contribute to the imaginary part of the complex
dielectric constant, thus influencing the frequency and
temperature dependence of the effective electric conduc-
tivity at microwave and optical frequencies. Therefore, in
order to understand the dc conductivity mechanism, the
temperature dependence of the electric conductivity
should be extended to low frequencies.

In this Letter, we present quasistatic measurements of
the temperature dependent electric conductivity obtained
on native wet-spun calf thymus Li-DNA in a dc measur-
ing field and measurements of the frequency dependent
conductivity at low frequencies between 20 Hz and
1 MHz. These experiments together with temperature
dependent I-V curves effectively complement previously
reported high frequency data, hence extending the fre-
2003 The American Physical Society 098101-1
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FIG. 1. Current-voltage curves measured at 75% relative hu-
midity at various temperatures on wet-spun Li-DNA. The dc
electric field was applied parallel to the duplex axis.
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scale. We show that the frequency dependence of the
electric conductivity in the frequency range of �10�3–
1015 Hz can be well described within the framework of
the hopping hole conduction mechanism [4].

Wet-spun oriented samples were prepared from calf
thymus Li-DNA (Pharmacia) with a molecular weight
of 107 (corresponding to a contour length of about 5 mm
or some 102 persistence lengths of 50 nm) by wet spin-
ning and then drying [18]. The wet spinning method
allows for controlled production of sufficient amounts of
highly macroscopically oriented thin films by spooling
DNA fibers that are continuously stretched during pre-
cipitation into an aqueous alcohol solution. The dried
Li-DNA sheets of thickness of about 3– 4 mm and surface
area between 10 and 20 mm2 were then cut perpendicu-
larly to the orientational axis of the DNA molecules into
bulk samples of 6:4� 4:4� 3:4 mm3 that were used in
conductivity measurements.

Results were checked on various other sample geome-
tries including 20–80 
m thick films with typical lateral
dimensions of 5� 5 mm2. Electrodes were pressed on
both sides of the sample. No difference was observed if
gold electrodes were replaced by copper electrodes.
Quasistatic resistivity and I-V curve measurements were
performed by the Keithley 617 programmable electrome-
ter on samples kept in 75% relative humidity and on
samples dried in vacuum. Frequency dependent conduc-
tivity was measured between 20 Hz and 1 MHz via
measurements of the imaginary part of the complex
dielectric constant by using a HP4284A Precision LCR
meter.

Typical I-V curves for wet-spun Li-DNA samples mea-
sured parallel to the DNA orientational axis are shown for
three different temperatures in Fig. 1. Wet-spun Li-DNA
bulk samples exhibit no visible plateau in the I-V curve
at room temperature, consistent with findings on (Zn)
�-DNA [10] . This indicates that the gap voltage is smaller
than the value which can be resolved at room temperature.
In fact, taking account of the size of the samples, it was
found that the field dependent conductivity �jj�E� of
Li-DNA obtained from data in Fig. 1(a) agrees quantita-
tively with estimates of ��E� obtained from (Zn) �-DNA
data in Ref. [10]. With decreasing temperature, the elec-
tric current at given voltage decreases for about 1 order of
magnitude per decrease in temperature of about 20 K [see
Figs. 1(a)–1(c)]. This demonstrates the rapid increase of
the resistivity with decreasing temperature. Also, the
nearly linear region around 0 V becomes steeper with
decreasing temperature.

The influence of the electric field on the temperature
dependence of �jj�T; E� was verified by measuring the
resistivity upon cooling the sample at two different val-
ues of the dc voltage. The resistivity of the samples could
be followed reliably down to about 220 K, since on
further cooling it begins to exceed the electrometer limit-
ing value of � 1016 
. Figures 2(a) and 2(b) show tem-
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perature dependence of �jj�T; E�, taken at 20 V corre-
sponding to the electric field of 31:25 V=cm, and those
taken at 50 V corresponding to 78:13 V=cm. The time
scale of the quasistatic experiment determined by both,
the data sampling time and the temperature cooling rate,
was estimated to be of the order of 10�3 Hz. Similar to
observations at microwave and optical frequencies
[16,17], �jj�T� decreases strongly below room tempera-
ture with a crossover to a saturated constant value at
temperatures below 230 K. It turned out that this cross-
over is mainly a consequence of the thermocouple voltage
offset in resistance measurements due to the unavoidable
temperature gradient in the lead wiring. This offset ther-
mocouple current reflects itself in temperature depen-
dence of � as a nearly constant background (constant B
in Fig. 2), thus limiting the lowest value of the electric
conductivity. The thermal offset current, which is present
in the same polarity, was revealed in a separate measure-
ment by the so-called ‘‘offset compensation technique’’
in which the polarity of the measuring voltage is reversed
every other reading.
098101-2
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FIG. 3. Temperature dependence of the electric conductivity
measured on dried Li-DNA. Shown are fits to an Arrhenius
ansatz (a) and to the ansatz describing the variable range
hopping (b). Here the electric field was applied parallel to
the sample orientational axis.
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FIG. 2. Temperature dependence of the electric conductivity
measured at 75% relative humidity on wet-spun Li-DNA. The
dc electric field 31:25 V=cm (a) and 78:13 V=cm (b) was
applied parallel to the sample orientational axis.

P H Y S I C A L R E V I E W L E T T E R S week ending
7 MARCH 2003VOLUME 90, NUMBER 9
Taking this experimental effect into account, it was
found that the temperature dependence of the conductiv-
ity could be well described by a thermally activated
Arrhenius ansatz (1) [see Figs. 2(a) and 2(b) for relevant
fit parameters] down to about 220 K temperature, at
which the resistivity exceeds the value limited by the
electrometer. Therefore, our measurements do not sup-
port a crossover from a strong temperature to a weak
temperature dependence of the quasistatic electric con-
ductivity above 220 K, observed in high frequency data
[16,17]. It is still possible that the crossover takes place at
lower temperatures as suggested by theoretical calcula-
tions [19]; however, it should be noted that in case of
microwave and optical measurements [16,17] the above
crossover occurs already around 250 K. This difference in
the crossover behavior and the difference in the activation
energies (�0:8 eV for our quasistatic data and �0:3 eV
for high frequency data [16,17]) may indicate that some
additional processes may contribute to the electric con-
ductivity at frequencies above 10 GHz.

Data presented in Figs. 1 and 2 reveal that the electric-
field dependence of � is mainly hidden in the field de-
pendence of the prefactor �0 in Eq. (1). Namely, by
increasing the electric field by a factor of 2.5, �0 in-
creases by more that 2 orders of magnitude, while the
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activation energy U remains practically the same within
the experimental error of �0:05 eV. It thus seems that
the nonlinear I-V curves are mainly a consequence
of the electric-field induced increase of the charge carrier
number. Similar measurements of ��T; E� were also per-
formed perpendicular to the DNA macroscopic orienta-
tional axis. A weak anisotropy of �?=�k � 3 was found
around the room temperature.

Figure 3 shows measurements of ��T; E� performed on
Li-DNA dried in vacuum for more than 24 h at room
temperature. A significant decrease in conductivity for
almost 1 order of magnitude is in qualitative agreement
with recent calculations [20]. Consequently, both �0 and
U changes are significant. Although �0 increases for
slightly less than 2 orders of magnitude, it seems that
increase in U for about 0.1 eV is the dominant effect in
decreasing the conductivity. This supports the idea [17]
that, rather than lower carrier number, stronger localiza-
tion effects due to less regular B form of DNA may be
responsible for lower DNA conductivity in water poor
environment.

It should be noted that the temperature dependence
of � presented in Figs. 2 and 3 could also be fitted to
the variable range hopping ansatz (2) [see Fig. 3(b) for
098101-3
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FIG. 4. Frequency dependence of the conductivity obtained
with calf thymus wet-spun DNA and �-DNA. Most of the data
scattering is attributed to different relative humidity environ-
ments. Model calculations [4] are represented by the thick solid
line. Other high frequency data are taken from Refs. [16,17,21].
Orientation of the applied electric field relative to the macro-
scopic orientational axis of the sample is denoted by k and ?.
Data obtained on 80 
m thick calf thymus DNA film are
denoted by �.
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relevant fit parameters], with 95% Fisher-Snedecor (F)
test confidence level, although with systematically larger
�2 values. This means that detailed fits statistically
slightly favor the activated mechanism against the vari-
able range hopping mechanism, though the latter cannot
be completely ruled out.

Our quasistatic (dc) and low frequency conductivity
data combined with previously published microwave
and optical conductivity data are displayed in Fig. 4.
Here the data between 20 Hz to 1 MHz (denoted by ac)
represent effective conductivity ��!� � "”"0! deduced
from measurements of the imaginary part "00 of the
complex dielectric constant "� � "0 � i"”. This straight-
forward deduction was possible since no other relax-
ational or resonant mechanism was found to contribute
to the dielectric spectra below 1 MHz. It seems that the
general frequency dependence in this impressive fre-
quency range of more than 18 orders of magnitude agrees
qualitatively well with theoretical results assuming the
variable range hopping hole conduction mechanism, cal-
culated for aperiodic nucleotide base stacks [4], as well as
with recent results of Barton and co-workers [7], who
have shown that there is without doubt a hole conduction
between DNA base pairs at distances larger than 3.7 nm.

In conclusion, I-V measurements show that the non-
linearity of the I-V curves could be attributed to the
electric-field induced increase of the charge carrier num-
ber. In contrast, the dc conductivity data obtained on
macroscopically oriented wet-spun Li-DNA samples
dried in vacuum suggest that, rather than lower carrier
number, it is the stronger localization effects due to less
regular B form of DNA that are responsible for lower
098101-4
conductivity in a water poor environment. The conduc-
tivity measurements extended down to the quasistatic
experimental time scale and earlier high frequency data
agree qualitatively with theoretical results based on the
hopping hole conduction mechanism [4].
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